The Monte Carlo method based model of the ionization in the hot cavity taking into account radioactive decay of nuclides is presented. The code upgraded compared to the previous version enables calculation of the ion source ionization eciency not only for dierent geometries and temperatures of the ionizer, extraction voltages etc. but also gives opportunity of setting dierent values of the nuclide half-life and its sticking time, which may be considered as the main factor determining the time that a particle spends in the ion source. The results of calculations are presented together with the discussion of the radioactive decay on the ion source performance.
Introduction
Surface ionization ion sources of various designs are widely used in many elds of science and technology including nuclear spectroscopy, solid state physics. Sources of that kind, very often equipped with a hot cavity ionizer, were invented many years ago [1] . They are, however, still considered as useful equipment, and attract attention of scientists and engineers [24] , due to their numerous advantages. Surface ionization ion sources are characterized by high purity and low emittance of the obtained ion beam [5] . Also the time the nuclides spend in the ion source is very short, which is of great importance in the case of nuclear spectroscopy of short-lived isotopes. The other advantages that should be mentioned are: relatively high ionization eciency and, consequently, very small amounts of substance needed for obtaining ion beams of satisfactory intensity as well as their robust construction.
In the paper we focus on surface ionization ion sources with a hot ionization cavity. Theoretical models of ionization inside hot cavity were extensively studied [69] . Recently, both theoretical [10] , and numerical models of ionizations have been developed [11, 12] based on the conception that high ionization eciency is an eect of multiple collisions with hot ionizer walls, and also electron impact ionization [13] . The model enabled the studies of ionization eciency as a function of many factors, ionizer geometry (including the spherical one [14] ), extraction system properties, ionizer temperature, ionizer/ sample combination etc. However, the model was adequate mostly for stable or long-lived isotopes, as it did not take into account the eects of radioactive decay of nuclides during their stay in the ion source, which restricted severely its usefulness in the eld of nuclear * e-mail: mturek@kft.umcs.lublin.pl spectroscopy. This problem has been solved in the presented upgrade of the model: particles undergo radioactive decay, which is implemented using the Monte Carlo method. The code takes into account not only the particle time of ight but also the time particle stays on the surface of the ionizer. Hence, the code enables the studies of the eciency changes with the ionizer and extraction system geometry, temperature etc. also for short-lived isotopes.
The brief description of the numerical model is given in the paper. The results of calculation of ionization eciency as functions of nuclide half-life are presented. The inuence of the nuclide sticking time, which appears to be the main factor determining the time a particle stays in the cavity, on ion source performance is under investigation. The discussion of the changes of ionization efciency with the length of the ionizer in the case of radioactive nuclides is also included.
Hot cavity ion source construction and principle of operation
The most important part of a typical hot cavity surface ionization source is a long, semi-opened tube made of refractory metals (those with high-work function are suitable for positive ion generation) known as an ionizer. A variety of low-work function materials including the compounds LaB 6 , GdB 6 , Ir 5 Ce were tested for eective and selective production of negative ions [15] . The ionizer is usually heated to very high working temperature T (≈ 25003000 K) ohmically or using intense electron ion beams. Atoms introduced into the ionizer collide with hot walls and are ionized with a probability described by the SahaLangmuir formula [16] the rate of ions and atoms, known as a ionization degree, could be written as
where V i and φ e are the ionization potential of an atom and the work function of the ionizer, respectively, and
where r a and r + are the reection coecients of neutral and charged particles on the (847) surface, respectively, g + and g a are the statistical weights of the ground levels of both species related to their total spin numbers. The above formula remains valid also for negative ions, however, V i − φ e has to be substituted by φ e − E a , where E a is the electron anity of an atom. The frequently used quantity describing ionization is the ionization coecient β = α/(1 + α) the probability of ionization during a single collision. The reader should not confuse the above-dened quantities with the total source ionization eciency, the quantity dened as the ratio of the number of desired ions and the number of all particles passing through the extraction opening.
Obtaining high total ionization eciencies in a hot cavity source, much higher than β predicted by (1), is possible due to multiple collisions of particles with the ionizing surface. It is also desirable, especially in the case of short-lived isotopes, that ions are extracted from the source as soon as possible after their creation.
Numerical model
The numerical code is an upgraded version of that previously described [12] . The semi-opened cylindrical ionizer of the length L and the radius r has been considered (see Fig. 1 ). Ions are attracted by a single at extraction electrode (voltage −U ext ) at the distance d from the ionizer opening. The code solves the classical equation of motion of test particles inside the ionizer using the fourth order RungeKutta method [17] . The potential distribution is determined by the ionizer and the extraction electrode voltages and it is found by successive over--relaxation method, as in our other models of ion sources [1820] . The simulation area is covered by numerical grid with the cell sizes 0.1 × 0.05 × 0.05 mm 3 . The potential at sites of test particles is worked out by the linear interpolation of potential values in the nearest grid nodes. The code detects whether the particle touched the ionizer surface or not and the Monte Carlo method based subroutine decides on the particle ionization or neutralization, depending on the ionization parameter. On average the particle stays at the hot surface for a τ s so-called sticking time this is a new feature of the code. One should remember that the value of τ s varies with the surface temperature [21] . It is assumed that atoms are emitted from the hot ionizer surface according to the cosine distribution with the velocities corresponding to the temperature of the ionizer. The particle keeps on moving until another hit or extraction. Multiple collisions with hot walls are basic mechanism leading to high ionization eciencies in the described model. For simplicity, the eects of electron impact ionization (it may become important for extremely high kT and substances of low β), as well as particleparticle collisions are neglected.
However, the model takes into account the fact that the desired nuclides (both ions and neutrals) undergo radioactive decay with a half-life τ 1/2 . It is assumed that each primary nuclide decays after some time t dec :
where RND is the normal pseudorandom number. Hence, according to the upgraded model, the yield of the desired (primary) ions would be diminished the more the longer particle stays in the ion source. The code registers the numbers of ions of primary and secondary nuclides (N p+ and N s+ ) as well as neutrals (N p0 and N s0 ).
Simulation results
As the rst, the changes of the ion source eciency with the nuclide half-life were examined. A cylindrical ionizer of the length L = 40 mm and r = 2 mm was chosen. The extraction voltage was U ext = 1 kV. The initial velocities of particles corresponded to kT = 0.3 eV. The ensemble of 50000 test particles was employed. The mass of the test particle was 150 a.m.u. The simplifying assumption has been made that the particle mass does not change during the radioactive decay. The time step ∆t = 2 × 10 −8 s was chosen. It should be mentioned that on this stage the sticking time τ s was set to zero, for the sake of simplicity. Figure 2a shows the total ionization eciency as the function of ionization coecient for dierent decay values of the half-life. Total ionization eciency is dened as the ratio of the number of extracted ions of the desired (primary) nuclide N p+ to the number of all extracted particles
The half-life was changed in the range 0.1 ms1 s. In all cases increase of ionization eciency with β was observed. One can see the inuence of the radioactive decay on the source eciency. For τ 1/2 greater than 0.1 s the inuence could be neglected. However, for τ 1/2 in the range of 1 ms the loss of desired nuclides by radioactive decay reduces the eciency by approximately 50%. In the case of τ 1/2 = 0.1 ms the total eciency is smaller than the ionization coecient predicted by (1) and barely reaches 0.1 for large β. Figure 2b presents the ratio of extracted secondary and primary ions δ rec as a function of β. As one can see, this ratio depends very little on β for large enough τ 1/2 (the change is ≈ 10% for τ 1/2 = 0.01 s). The decrease of δ dec with β is more prominent for τ 1/2 = 0.1 ms and reaches more than 50 across two decades. This is due to the fact that particles characterized by a high ionization coecient are ionized and extracted faster than they undergo radioactive decay. This is in a good agreement with the results presented in Fig. 2c . It shows the mean time of ight until the extraction t as a function of the ionization parameter. The mean time decreases fast with β (from ≈ 1.13 ms for β = 0.01 to ≈ 0.75 for β = 1. The impact of radioactive decay on the ionization eciency, visible in Fig. 2 as lowering of the β s (β) curves, becomes important when τ 1/2 is comparable to the mean ight time (of the order 1 ms in the considered case). The results shown in Fig. 2 suggest that a proper choice of ionizer material and its temperature could be of major importance for obtaining high yields of short-lived isotope ions.
In the next stage, the inuence of sticking time on the ionizer surface was investigated. The simplifying assumption has been made that every time a particle touches the hot wall, it remains for τ s on its surface. The value of τ s varied in a broad range (up to 10 ms) as it strongly depends on the ionizer temperature and the ionizer/ionized atom combination, which is described by the Frenkel equation [21] . The other simulation parameters were unchanged, compared to the previous case. Figure 3a shows the changes of ionization eciency due to the length of sticking time. Calculations were done for τ 1/2 = 0.01 s. As the particle undergoes many (several tens or hundreds) collisions with the ionizer, the lowering of β s (β) curve is visible even for τ s = 1 µs. Setting τ s = 10 µs leads to the ionization eciencies reduced by approximately 50, whilst the sticking times in the millisecond range reduce the source eciency by an order of magnitude (compared to the idealized τ s = 0 case). Also the ratio δ rec reaches very high values for long sticking times (1 ion of the desired kind per 100 of extracted particles). Fortunately, this could be improved by either increasing the temperature of the ionizer or a more adequate choice of the ionizer material/coating. Reducing the sticking time by the order of magnitude may lead to the decrease of δ rec ratio by 10 times for large β, or even by the factor of 100 for smaller β (see Fig. 3b ). Even for relatively short sticking time (100 µs) the contribution of the mean time t s spent on the surface of ionizer could be ≈ 10 times larger than the time of its ight, as shown in Fig. 3c . As in the previous case one can observe slight decrease of t s the substances of larger β are ionized and extracted faster, consequently, the number of collisions with the ionizer walls is on the average smaller than in the case of hard-to-ionize elements. Inuence of the ionizer length L on the ionization eciency was also under investigation. The results for the sticking time τ s = 1 ms are shown in Fig. 4a . The half--life time was set to τ 1/2 = 0.01 s, as in the previous case. One can see that the ionization eciency is higher for shorter ionizers it increases more than twice when L is decreased from 40 mm to 20 mm. This is due to the shorter time that the particle needs to get the extraction opening in the case of shorter ionizer. This eect may be important in the case of radioactive nuclides and relatively long sticking times. In the case of short τ s (or relatively long τ 1/2 ) the inuence of L is much smaller (see Fig. 4b ). One should keep in mind that in the case of non-radioactive nuclides one observes also a slight increase of ion source eciency, mostly due to the smaller volume where the particles roam accidentally, until they are caught by the extraction eld. One may expect that prots from shorter ionizer are the greater the shorter is τ 1/2 and the longer time a particle stays on the ionizer surface.
Changes of ionization eciency with the extraction voltage were also studied. It was found that in the case of stable isotopes the extraction voltage in the range of several thousands of volts is sucient, while in the case of short-lived isotopes higher voltages are required to achieve saturation of ion current.
Conclusions
The Monte Carlo numerical model of ionization in a hot cavity ion source has been upgraded in order to take into account the losses caused by radioactive decay. The code takes into account not only the particle time of ight, but also the time it stays on the ionizer surface. It was found that the reduction of the sticking time (e.g. by the proper choice of the ionizer coating and temperature) may signicantly increase ion yields in the case of short-lived isotopes. The simulation results show that shorter ionizers are much more eective for short lived nuclides. The model could be considered as a useful tool supporting the studies of processes inside the surface ion sources, as well as production of beams of radioactive nuclides. The further development of the code is planned, including modelling of the diusion of nuclides out of the irradiated target, as well as the modications enabling the description of the target built of a large number of thin foils.
